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Task-induced deactivations within the brain’s default mode network (DMN) are thought
to reflect suppression of endogenous thought processes to support exogenous goal-
directed task processes. Older adults are known to show reductions in deactivation
of the DMN compared to younger adults. However, little is understood about the
mechanisms contributing to functional dysregulation of the DMN in aging. Here, we
explored the relationships between functional modulation of the DMN and age, task
performance and white matter (WM) microstructure. Participants were 117 adults
ranging from 25 to 83 years old who completed an fMRI task switching paradigm,
including easy (single) and difficult (mixed) conditions, and underwent diffusion tensor
imaging (DTI). The fMRI results revealed an age by condition interaction (β = −0.13,
t = −3.16, p = 0.002) such that increasing age affected deactivation magnitude during
the mixed condition (β = −0.29, t = −3.24 p = 0.002) but not the single condition
(p = 0.58). Additionally, there was a WM by condition interaction (β = 0.10, t = 2.33,
p = 0.02) such that decreasing WM microstructure affected deactivation magnitude
during the mixed condition (β = 0.30, t = 3.42 p = 0.001) but not the single condition
(p = 0.17). Critically, mediation analyses indicated that age-related reductions in WM
microstructure accounted for the relationship between age and DMN deactivation in
the more difficult mixed condition. These findings suggest that age-related declines in
anatomical connectivity between DMN regions contribute to functional dysregulation
within the DMN in older adults.
Keywords: diffusion tensor imaging (DTI), fMRI, deactivation, aging, default mode network (DMN)
INTRODUCTION
Functional neuroimaging studies have demonstrated that some brain regions show lower
activation during the performance of attention-demanding cognitive tasks compared to
simpler baseline conditions (Shulman et al., 1997; Gusnard and Raichle, 2001; Raichle
et al., 2001). Such task-induced deactivations tend to occur within the brain’s default mode
network (DMN), which includes medial prefrontal cortex, posterior cingulate cortex/precuneus,
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lateral portions of temporal and parieto-occipital cortices and
hippocampus (HC) (Gusnard and Raichle, 2001; Raichle et al.,
2001; McKiernan et al., 2003; Persson et al., 2007). The DMN
contributes to a wide variety of internally-generated thought
processes (Gusnard and Raichle, 2001; Buckner et al., 2008). As
such, the capacity to deactivate the DMN is thought to have
important functional significance during externally-directed
cognitive tasks (McKiernan et al., 2003; Persson et al., 2007).
Consistent with this possibility, younger adults tend to show
greater deactivation in the DMN as the task becomes more
cognitively demanding (McKiernan et al., 2003; Persson et al.,
2007; Park et al., 2010; Sambataro et al., 2010). Interestingly,
several studies have reported that older adults show similar
magnitude of DMN deactivation as younger adults during simple
cognitive tasks, but less deactivation during more difficult active
tasks (Persson et al., 2007; Park et al., 2010; Sambataro et al.,
2010). These findings suggest that older adults may be less
able to regulate functional response in DMN cortical regions
as cognitive resources are increasingly required by the active
task (Persson et al., 2007; Sambataro et al., 2010). Reduced
deactivation of the DMN during task performance could thus be
a significant contributor to older adult difficulties on attention-
demanding tasks.
Despite the broad potential relevance of this issue, little
remains known about how deactivation of the DMN may track
with increasing age and its neurobiological sequelae such as
reductions in task performance and brain structure. This is
in part because previous work using parametric manipulations
has focused solely on comparisons of younger and older adult
groups. However, by treating age continuously, it is possible
to examine multivariate relationships with other continuous
variables, such as neuroimaging measures of potential structural
mechanisms contributing to deactivation of the DMN.
We hypothesized that white matter (WM) microstructure
may be a potential contributor to deactivation patterns in the
DMN for several reasons. First, because WM provides a means
for electrochemical signaling across large-scale brain networks,
age-related reductions in WMmicrostructure would be expected
to influence the coordinated functioning of brain regions within
organized networks such as the DMN (Andrews-Hanna et al.,
2007; Vidal-Piñeiro et al., 2014). Second, recent studies have
confirmed several underlying WM connections between various
portions of the DMN (Greicius et al., 2009; van den Heuvel et al.,
2009; Teipel et al., 2010; van Oort et al., 2014). Finally, there
is evidence that the WM microstructure measure of fractional
anisotropy (FA) is correlated with BOLD magnitude in task-
positive regions during cognitive task performance (Persson
et al., 2006;Madden et al., 2007; Daselaar et al., 2013; Hakun et al.,
2015; Zhu et al., 2015) and with functional connectivity within
portions of the DMN (Andrews-Hanna et al., 2007; Khalsa et al.,
2013).
Here we tested the hypothesis that age-related reductions in
WM connectivity could limit the capacity to divert resources
away from the DMN when those resources are increasingly
required by the active task. An fMRI task switching paradigm
was used that included two simple perceptual judgment tasks
(color and shape judgments) made on stimuli that were identical
in each task condition. Difficulty was manipulated by asking
participants to either repeat the same task throughout a block
or switch (pseudorandomly) between judgment types, placing
increased demands on cognitive control processes (Kramer et al.,
1999; Kray and Lindenberger, 2000). We also investigated the
effects of age, DMN WM microstructure, and task-induced
deactivation on task performance across the two conditions.
Finally, mediation analysis was used to determine whether WM
microstructure accounts for the age-related decline in DMN
deactivation capacity as cognitive demands increase.
MATERIALS AND METHODS
Participants
There were a total of 117 participants in the present study.
Participants were community-dwelling adults between the ages
of 25 and 83 (mean = 49.7 ± 17.4) with normal or corrected-
to-normal vision. Written informed consent was obtained from
each participant under an approved University of Kentucky
Institutional Review Board protocol. Exclusion criteria were
color blindness, a major head injury, stroke, a neurological
or psychiatric disorder, high blood pressure, diabetes, use of
psychotropic drugs, or presence of metal fragments and/or
metallic implants contraindicated for MRI.
Participants completed measures of fluid intelligence and
digit span, which are known to correlate with task-switching
performance (Kray and Lindenberger, 2000). Fluid IQ was
measured using the Cattell Culture Fair Intelligence Test
(Cattell and Cattell, 1960) because this test assesses non-verbal
intelligence associated with perceiving inductive relationships
in shapes and figures, processes relevant to the perceptual
task-switching paradigm employed in the present study. Digits
forward (DF) and backward (DB) were measured using The
Digit Span Subtests of the Wechsler Memory Scale (WMS
III) (Wechsler, 1997). Socioeconomic status was assessed using
the Hollingshead 2-Factor Index of Social Position (ISP),
which is based on educational and occupational achievement
(low scores = higher SES) (Hollingshead, 1957). Demographic
information is provided in Table 1.
Image Acquisition
Imaging data were collected on a 3T Siemens TIM scanner at
the Magnetic Resonance Imaging and Spectroscopy Center at the
University of Kentucky. High resolution anatomic images were
acquired using a magnetization-prepared rapid echo gradient-
echo (MPRAGE) sequence (repetition time(TR) = 1690 ms, echo
time(TE) = 2.65 ms, flip angle = 12◦, 1 mm isotropic voxels). T2∗-
weighted functional volumes were collected using a gradient-
echo echo-planar imaging (EPI) sequence (33 interleaved slices,
TR = 3000 ms, TE = 30 ms, flip angle = 83◦, field of
view(FOV) = 224 mm2, matrix = 64 × 64, 3.5 mm isotropic
voxels). Diffusion tensor images (DTI) were collected using a
double spin-echo EPI sequence (TR = 6900 ms, TE = 105 ms,
flip angle = 90◦, FOV = 224 mm2, in-plane resolution = 1.75
× 1.75 mm voxels, 40 contiguous 3 mm-thick axial slices) with
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TABLE 1 | Demographic and performance scores.
Mean ± SD
N 117
Age 49.7 ± 17.4
M:F 52:65
Education 16.7 ± 2.8
ISP 25.3 ± 13.7
IQ 124.5 ± 18.9115
DF 10.6 ± 2.1113
DB 10.2 ± 2.6113
Single Acc 97.7 ± 2.6
Mixed Acc 95.3 ± 4.6
Single RT 725.3 ± 147.9
Mixed RT 945.3 ± 203.9
ISP, Hollingshead Index of Social Position; IQ, Cattell Culture Fair Intelligence
Test; DF, digit span forward; DB, digit span backward; Single and Mixed refer to
conditions in the fMRI experiment; Acc: accuracy RT: reaction time. Values listed
are mean ± SD. Values for IQ and DB are age-scaled scores. If score values
were missing, the number of participants used in the computation is shown as
a subscript.
36 non-collinear encoding directions (b = 1000 s/mm2) plus 5
images without diffusion weighting (b = 0 s/mm2, b0).
fMRI Task Paradigm
Participants completed a task-switching paradigm described in
detail elsewhere (Zhu et al., 2015). Briefly, participants performed
one of two possible perceptual judgments on every trial. On
color task trials, participants decided if a stimulus was red or
blue. On shape task trials, participants decided if a stimulus
was a circle or square. Participants were asked to respond as
quickly and as accurately as possible. During single task blocks
the same judgment was made on every trial for the duration
of the block (e.g., all color trials), while in mixed task blocks
shape and color judgments alternated pseudorandomly with a
50% probability of repeating/switching between judgments on
consecutive trials. There were three runs, each consisting of
four task blocks and five fixation blocks. Task blocks consisted
of 20 trials (totaling 60 s per block) for each of the single or
mixed task conditions. During fixation blocks (lasting 30 s),
participants were instructed to look at a centrally presented
cross-hair (+). One run consisted of two single blocks of
each color and shape judgments, and the other two runs
consisted of one single block for each judgment and two mixed
blocks.
fMRI Preprocessing and Analyses
fMRI Expert Analysis Tool (FEAT) v6.0.0, part of the FMRIB
Software Library (FSL; Smith et al., 2004), was used for fMRI
data preprocessing and statistical analysis. Data were first motion
corrected, smoothed with a 9 mm Gaussian kernel and high-
pass filtered at 100 s. fMRI data was then co-registered to
each individuals high resolution structural scan using boundary-
based registration (Greve and Fischl, 2009). The high resolution
structural image was co-registered to MNI 2 × 2 × 2 mm space
using an initial linear registration followed by nonlinear warping
(using FNIRT; Andersson et al., 2007). These transformation
parameters were then applied to the functional data, which was
re-sliced to 2mm isotropic voxels during non-linear warping into
MNI space.
Single and mixed blocks were modeled separately and
convolved with a double-gamma hemodynamic response
function. First-level analysis involved contrasts for color
and shape (single) blocks compared to fixation and mixed
blocks compared to fixation for each participant for each run.
Parametric maps from each first-level analysis (Runs 1, 2, and 3)
were then carried into a second-level fixed effects model where
the results of each first-level model were combined into a single
beta-map per condition. Higher-level (group) analyses were
performed using FMRIB’s Local Analysis of Mixed Effects
(FLAME).
Defining a Common DMN Network
A common deactivation network was defined across participants
to identify DMN structures of functional relevance to individuals
across the age range of our sample. Peak regions of deactivation
were identified through a voxelwise contrast of fixation >
single task across all participants. Significant clusters of peak
deactivation in this contrast were masked at a voxel-wise FWE
corrected p < 0.05 threshold. The single (i.e., easier) condition
was chosen for the contrast given previous evidence of stronger
age-differences during more difficult task conditions (Persson
et al., 2007; Sambataro et al., 2010). (However, it should be
noted that the baseline fixation > mixed task condition contrast
produced essentially the same results in our data; peaks within
one voxel of those in the fixation > single condition). The overall
DMN mask was created by placing 5 mm radius spheres around
the peak voxel in each cluster surviving the above criteria in
the fixation > single contrast. Percent signal change within the
overall DMNmask was then extracted for each participant using
Featquery.
Diffusion Tensor Imaging Preprocessing
FMRIB’s Diffusion Toolbox (FDT) v3.0 was used for all DTI
preprocessing and analyses. Preprocessing steps performed
on raw images involved eddy current correction, brain
extraction, and motion correction using a 12-parameter affine
transformation to the b0 images. DTIFIT was then used to
compute a tensor model and eigenvalues (λ1, λ2, λ3) within each
voxel. These eigenvalues were used to calculate FA images, which
were used as input for tract-based spatial statistics (TBSS).
Tract-Based Spatial Statistics
Each participant’s FA image was co-registered to the
FMRIB58_FA 1 mm standard space template using tract-
based spatial statistics (TBSS; Smith et al., 2006), as described
in detail in our previous work (Johnson et al., 2012). Briefly,
non-linear voxel-wise registration was used to transform images
into MNI space, where FA images were averaged to generate a
mean FA image. The mean FA image was subsequently used
to create a common WM tract skeleton. This skeleton was
thresholded at FA > 0.2 in order to minimize partial volume
effects after warping across all participants. Each participants FA
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image was subsequently projected onto the FA skeleton in order
to account for residual misalignments between participants after
initial registration.
Probabilistic Tractography
Probabilistic tractography was performed to identify the WM
pathways connecting the eight individual fMRI clusters forming
the overall ‘‘network-level’’ DMN-fMRI mask (described in
Defining a Common DMN Network). Prior to tractography, the
fMRI-based cortical seeds were registered to each participant’s
native diffusion space. The first step in this process was to
transform the cortical seeds from MNI 2 × 2 × 2 mm space to
MNI 1 mm3 space using FLIRT. Then the inverse of the non-
linear warp from each participant’s FA image to MNI 1 mm3
space (described in Tract-Based Spatial Statistics) was generated
and applied to register all fMRI-based cortical seeds from MNI 1
mm3 space to each participant’s diffusion space.
Tractography was performed using FSL’s Bayesian Estimation
of Diffusion Parameters Obtained using Sampling Techniques
(BEDPOSTX) and probabilistic tracking (PROBTRACKX2)
tools (Behrens et al., 2003, 2007). BEDPOSTX (Behrens
et al., 2003) was run using a 2-fiber model to determine a
probabilistic diffusion model in each voxel, which was used
as the input for probabilistic tractography. PROBTRACKX2
(Behrens et al., 2007) was run in network mode using modified
Euler streamlining. A total of 5000 samples were generated
from each voxel in each seed with a curvature threshold of
0.2 (approximately ± 80◦), a step length of 0.5 mm with
a maximum of 2000 steps, and a fiber volume threshold of
0.01. The Harvard-Oxford Subcortical Atlas brainstem mask
was used as an exclusion mask to avoid descending pathways.
Successful streamlines were those originating in a voxel within
one fMRI-based cortical seed and passing through a voxel in
another fMRI-based cortical seed without entering the exclusion
mask.
A streamline image was generated showing all successful
tracts, which was then registered to MNI 1 mm3 standard
space using the non-linear transform described above.
Each individual’s streamline image was divided by the total
number of samples generated (# of samples = # voxels in
seed regions ∗ 5000) to create a proportion image. The
value of each voxel in the proportion image indicates the
proportion of successful streamlines that passed through
that voxel. Before creating a group mean image, each
participant’s proportion image was divided by the total
number of successful streamlines generated, or waytotal, as
a way to account for differences in ‘‘trackability’’ between
each participant’s diffusion data. A group mean image
was then calculated from the average of all participants’
waytotal-normalized proportion maps. The group proportion
image was thresholded at 0.1% of total streamlines passing
through a given voxel in order to generate a group mask
of successful streamlines. The group mask was restricted
to those voxels within the mean FA skeleton to limit the
effects of partial voluming. Mean FA values were then
extracted from the skeletonized ‘‘DMN-WM’’ mask for each
participant.
Statistical Analyses of Behavioral, fMRI
and DTI Data
Statistical analyses were carried out in SPSS 22 (IBM Statistics,
Chicago, IL). Three main analyses were carried out. The first two
analyses were intended to assess the contributions of relevant
predictors on: (1) DMN deactivation magnitude; and (2) task
performance. These analyses used mixed-effects General Linear
Models (GLM), which examined fixed-effects while accounting
for subject-specific variance. The first set of GLMs investigated
the between-subject effect of either age or FA, the within-
subject effect of condition (single or mixed), and the age/FA
× condition interaction on DMN deactivation magnitude. The
second set of GLMs investigated the between-subject effect of
either age, FA, or DMN deactivation magnitude, the within-
subject effect of condition, and the age/FA/deactivation ×
condition interaction on task performance (accuracy or reaction
time (RT) separately). Standardized beta-values are reported for
each effect and t-statistics were used as the inferential statistic
to determine significance of each effect in the presence of the
others. Those effects with p < 0.05 were considered significant.
Significant interactions were investigated further by performing
linear regression within each condition separately.
The final set of analyses used mediation models to test the
hypothesis that DMN WM microstructure accounts for age-
related changes in DMN deactivation magnitude. Mediation
analysis based on multiple linear regression was performed using
macros (PROCESS; Hayes, 2013) that simultaneously estimate
all paths between variables and indirect effects. PROCESS
utilizes bootstrapping and generates Monte Carlo confidence
intervals to allow for statistical inferences. Indirect effects having
95% confidence intervals not crossing zero were accepted as
significant mediation effects.
RESULTS
Functional Deactivations Across
Participants
Results from the voxelwise contrast of the baseline fixation
condition compared to the single task condition across
participants revealed deactivation in the PCC, medial prefrontal
cortex (MPFC), and in bilateral portions of lateral occipital cortex
(LOC), HC, and middle temporal gyrus (MTG; Figure 1A).
Coordinates of peak voxels within each cluster are listed
in Table 2. A DMN mask was generated surrounding peak
coordinates within each cluster (as described in Defining a
Common DMN Network).
White Matter Tractography, FA and Age
Results of tractography analysis revealed a set of DMNWMpaths
containing connections between the fMRI cortical ROIs. This set
of DMNWM paths was observed in every participant and group
results showed that the paths traveled through several major
WM tracts, most prominently through bilateral portions of the
cingulum, superior longitudinal fasciculus, inferior longitudinal
fasciculus, and fornix (Figures 1B–D). A ‘‘network-level’’ DMN-
WM mask was generated based on peak effects within these
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FIGURE 1 | Task-induced deactivation in the default mode network
(DMN) and DMN white matter (WM) pathways. (A) Regions showing
significant deactivation at FWE-corrected p < 0.05. (B) Statistical map of
probabilistic tractography indicating the proportion of streamlines passing
through each voxel. The scale indicates a minimum value of 0.001 (0.1%) of all
attempted streamlines passing through a given voxel, while the maximum was
set at 0.015 (1.5%) of all attempted streamlines passing through a given voxel.
Coordinate below each image is the MNI coordinate for that slice. (C,D) WM
pathways (blue) connecting DMN regions (red) after averaging the entire group
and thresholding at 0.1% of all streamlines attempted passing through a voxel.
The WM pathways shown in blue were used to extract fractional anisotropy
(FA) in each participant. LOC, lateral occipital cortex; MTG, middle temporal
gyrus; HC, hippocampus; PCC, posterior cingulate cortex; MPFC, medial
prefrontal cortex.
paths (as described in Probabilistic Tractography). As expected,
regression analysis indicated a significant correlation between
age and FA in the DMN-WM mask (β = −0.52, t = −6.49
p < 0.001).
Effects of Age, Task Condition, and their
Interaction, on Deactivation Magnitude
within the DMN
There were significant main effects of Age (β =−0.48, t =−2.56,
p = 0.01) and Condition (β = 0.14, t = 3.47, p = 0.001) such
that increasing age and the single condition were associated with
less deactivation. There was also a significant Age × Condition
interaction (β = −0.13, t = −3.16, p = 0.002). Examination of
this interaction (Figures 2A,B) indicated that age was not related
to DMN deactivation in the single condition (p = 0.58), but
was significantly correlated in the mixed condition (β = −0.29,
t =−3.24 p = 0.002).
Effects of FA, Task Condition, and their
Interaction, on Deactivation Magnitude
within the DMN
Results indicated a main effect of Condition (β = 0.14, t = 3.41,
p = 0.001) but not of FA (p = 0.320). There was, however,
a significant FA × Condition interaction (β = 0.10, t = 2.33,
p = 0.02). Examination of this interaction (Figures 2C,D)
TABLE 2 | Peak fMRI coordinates from single condition < fixation
contrast.
Region Z-max X Y Z
Left Hemisphere
Hippocampus (HC) 6.00 −26 −14 −20
Middle Temporal Gyrus (MTG) 10.29 −58 −2 −16
Lateral Occipital Cortex (LOC) 12.06 −44 −76 34
Right Hemisphere
Hippocampus (HC) 6.31 26 −10 −20
Middle Temporal Gyrus (MTG) 9.87 56 −2 −16
Lateral Occipital Cortex (LOC) 9.57 52 −72 30
Midline
Posterior Cingulate Cortex (PCC) 10.81 −6 −42 40
Medial Prefrontal Cortex (MPFC) 10.81 −6 54 2
Z-max represents the peak Z-value within the cluster. X, Y, and Z are the MNI
coordinates of the peak voxel within the cluster.
indicated that FA was not related to DMN deactivation in the
single condition (p = 0.13), but was significantly correlated in the
mixed condition (β = 0.30, t = 3.42 p = 0.001).
Effects of Age, FA, and DMN Deactivation
Magnitude on Task Performance
Results of the GLMs examining the effects of age, FA, and
deactivation magnitude on task performance are presented in
Table 3. There were main effects of both age and FA in the
DMN-WMmask on task performance (accuracy and RT). There
was a significant Age × Condition interaction for accuracy.
Examination of this interaction indicated that accuracy was
only marginally correlated with age during the single condition
(p = 0.09), but was significantly correlated with age during the
mixed condition (β = −0.24, t = −2.68, p = 0.008). There were
also marginal Age × Condition and Deactivation magnitude ×
Condition interactions for RT. Examination of these interactions
(Figure 3) indicated that age was correlated with RT in both the
single (β = 0.51, t = 6.38, p< 0.001) andmixed (β = 0.46, t = 5.62 p
< 0.001) condition, while deactivation magnitude was correlated
with RT in the mixed condition (β = −0.21, t = −2.32 p = 0.02)
but not the single condition (p = 0.75).
Mediation Analyses
Mediation analyses were performed to test the hypothesis that
DMNWMmicrostructure accounts for the relationship between
age and DMN deactivation magnitude in the mixed condition.
Two mediation models were tested: Model (1) FA in the
DMN-WMmask as the mediator of the relationship between age
and DMN deactivation magnitude and Model (2) an alternative
model with age as themediator between the FA in the DMN-WM
mask and DMN deactivation magnitude. The alternative model
(Model 2) was chosen to test whether the FA in the DMN-WM
mask and DMN deactivation were only related because both vary
together with age, a condition which requires age to mediate
the relationship between the other two variables (Salthouse,
2011).
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FIGURE 2 | Relationship of age and DMN WM microstructure with task-induced deactivation. The scatter plots show DMN deactivation magnitude in the
single and mixed conditions (greater positive values = greater deactivation) plotted against age (A,B) and FA in the DMN-WM mask (C,D). Neither age (A) nor FA in
the DMN-WM mask (C) correlated with task-induced deactivation in the single condition. Age (B) was negatively correlated and FA in the DMN-WM mask (D) was
positively correlated with deactivation magnitude in the mixed condition. Dashed lines represent the linear best fit of the data. R2 values indicate the portion of the
total variance explained by the line.
Results of Model 1 (Figure 4A) indicated that the direct effect
of age on magnitude of DMN deactivation (c’ = −0.18, 95% CI
[−0.38, 0.02]) was not significant, but instead was accounted for
by the significant indirect pathway through FA in the DMN-WM
mask (ab =−0.11, 95% CI [−0.24,−0.004]). Importantly, results
of Model 2 (Figure 4B) indicated that the direct effect of FA in
the DMN-WM mask on DMN deactivation (c’ = 0.21, 95% CI
[0.01, 0.41]) was not significantly mediated by age (ab = 0.09
[−0.002, 0.21]).
Due to the small gap between ages 40 and 50 in our sample,
we repeated all analyses treating age as a dichotomous variable
(<40 vs. >50). The results of these analyses revealed an identical
pattern (same significant effects from GLMs and mediation
analyses) as those described above with age as a continuous
variable.
DISCUSSION
We found that individual differences in DMN deactivation
magnitude are influenced by age and task condition, and
that these relationships are mediated by WM microstructure.
Extending previous findings, our fMRI results indicated
interactive effects of age and condition such that increasing
age affected deactivation magnitude during the more difficult
(mixed) condition but not the easier (single) condition. In
addition, we found that differences in WM microstructure
accounted for a significant portion of the relationship between
age and DMN deactivation magnitude in the more difficult
condition. Our results suggest that age-related declines in WM
microstructure contribute to functional regulation of DMN
activity in older adults.
We observed functional deactivation in the PCC, MPFC,
LOC, MTG, and HC across a participant sample ranging
from 25 to 83 years of age. These regions represent a
central portion of the DMN in studies of younger and older
adult participant groups (Raichle et al., 2001; Grady et al.,
2006; Persson et al., 2014). Overall task-induced deactivation
magnitude across these regions was explored to investigate
network-wide changes in DMN function associated with age
and task performance. Results indicated relationships between
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TABLE 3 | GLM results for accuracy and reaction time.
Accuracy
Variable (V) V Condition V × Condition
Age β = −0.61, t = −3.17∗∗ β = −0.30, t = −7.23∗∗∗ β = −0.09, t = −2.19∗
Deactivation β = 0.09, t = 0.96 β = 0.32, t = 7.05∗∗∗ β = 0.01, t = 0.21
Magnitude
FA in DMN-WM Mask β = 0.43, t = 3.40∗∗∗ β = −0.30, t = −7.10∗∗∗ β = 0.03, t = 0.68
Reaction Time
Variable (V) V Condition V × Condition
Age β = 0.52, t = 4.90∗∗∗ β = 0.53, t = 22.91∗∗∗ β = 0.05, t = 1.97∧
Deactivation β = 0.06, t = 1.22 β = 0.52, t = 21.41∗∗∗ β = −0.05, t = −1.83∧
Magnitude
FA in DMN-WM Mask β = −0.43, t = −6.72∗∗∗ β = 0.53, t = 22.57∗∗∗ β = −0.01, t = −0.53
V = Main effect of Variable, V × Condition = Interaction of variable and condition; ∧p < 0.10, ∗p < 0.05, ∗∗p < 0.005, ∗∗∗p < 0.001.
FIGURE 3 | Relationship of age and DMN deactivation magnitude with
REACTION TIME (RT) in the mixed condition. RT in the mixed condition
was positively correlated with age (A) and negatively correlated with
deactivation magnitude (B). Dashed lines are the linear best-fit line. R2 is the
portion of the total variance explained by the regression line.
task-induced deactivation magnitude, age and task performance.
As expected, less deactivationwas associated with both increasing
age and poorer task performance. However, these main
effects were qualified by an age by condition interaction,
which indicated that increasing age was related to less DMN
deactivation only in the mixed condition and had no effect on
deactivation in the single condition.
In task-switching paradigms such as the present one, mixed
conditions differ principally from single conditions in their
increased emphasis on cognitive control processes such as
switching and inhibitory control (Kramer et al., 1999; Kray and
Lindenberger, 2000; Cepeda et al., 2001). The age by condition
interaction in deactivation that we observed is thus consistent
with a view that age-related declines in cognitive control are
of high relevance to alterations in functional deactivation of
DMN regions (Persson et al., 2007). The present findings are
also consistent with results from previous studies using group
comparisons between older and younger adults (Persson et al.,
2007; Park et al., 2010; Sambataro et al., 2010). Importantly, all
participants performed the mixed task with high accuracy (based
on a median split, the older half of participants performed the
mixed task with 94.6 ± 5.5% accuracy), which indicates that the
lack of deactivation in the mixed condition is unlikely to be due
to older adults not being actively engaged in the more difficult
mixed task.
We next considered the potential association between DMN
deactivation and WMmicrostructure. Probabilistic tractography
was used to identify a set of WM pathways containing
connections between cortical DMN structures commonly
deactivated across our participant sample. As can be seen in
Figure 1, the resulting WM network involved paths traveling
through portions of midline tracts containing connections
between medial temporal lobe and other limbic structures
(bilateral portions of the cingulum and fornix) and long tracts
containing connections between widely distributed neocortical
structures (i.e., bilateral portions of the superior longitudinal
fasciculus and inferior longitudinal fasciculus). Results from
our tractography analysis are consistent with known anatomical
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FIGURE 4 | Results of mediation analyses. (A) Results of Model 1: Age correlated with DMN deactivation in the mixed condition (dotted arrow), but only the
indirect effect through WM microstructure was significant (shown by solid arrows). (B) Results of Model 2: FA in DMN-WM mask had a direct effect on DMN
deactivation in the mixed condition (solid arrow), and the indirect effect through age was non-significant (shown by dotted arrow). For (A) and (B), values are
standardized β-coefficients with significant β-values shown in bold. Total effect between the independent and dependent variable in the model are shown above the
arrow, and the direct effect is shown beneath the arrow, N = 117.
connections between DMN cortical structures and show
good correspondence with tracts identified in previous DMN
structural connectivity studies conducted in separate groups of
younger adults (Greicius et al., 2009; van den Heuvel et al., 2009;
van Oort et al., 2014) and older adults (Teipel et al., 2010; Hahn
et al., 2013; Weiler et al., 2014).
As expected, FA within the common network of DMN WM
paths was negatively correlated with age. Interestingly, we found
a significant FA by condition interaction, such that lower FA was
associated with less deactivation magnitude during the mixed
condition, but not associated with deactivation magnitude in
the single condition. Several previous studies have reported
correlations between FA and functional connectivity values
within portions of the DMN (Andrews-Hanna et al., 2007; Teipel
et al., 2010; van Oort et al., 2014). However, the present finding
of an FA by condition interaction represents the first evidence to
our knowledge indicating an increased association between WM
microstructure and deactivation of the DMN as task demands
increase.
Our findings thus suggest that age-related declines in WM
microstructure may be associated with dynamic rather than
static effects on functional DMN response during cognitive
task processing. A different possible explanation for the
present results could be that DMN structure and function
may undergo independent changes in aging, which could
reflect either distinct or shared dependence on some other
unmeasured biological correlates of aging (Salthouse, 2011). Our
use of continuous variables afforded the opportunity to test
between these possibilities using mediation analyses. Results of
mediation analyses cannot determine causality. Nevertheless,
the overall pattern of results from our mediation analyses are
more consistent with a view that DMN WM microstructure
contributed to age-related functional dysregulation of DMN
response observed in our study rather than some other
(unmeasured) biological correlates of aging.
The finding that FA was related to DMN deactivation in the
mixed condition but not the single condition has implications
for behavioral results showing that older adults experience more
interference from internally generated distraction than younger
adults during cognitive control tasks (Healey et al., 2013). Our
results suggest that age-related declines in WM microstructure
within the DMN may contribute to such increased internal
distraction in older adults during attention-demanding cognitive
control processes. For instance, one possibility would be that
intact WM connections between DMN regions may enable
younger adults to efficiently regulate/reduce functional activity
within the DMN in response to increased demands on cognitive
control processes. In contrast, poorerWMmicrostructure within
the DMN may decrease the capacity of older adults to dampen
DMN functional activity when additional resources are required
by the active task. The overall outcomewould be relatively greater
DMN functional activation and increased internally-generated
distraction for older adults during attention-demanding active
tasks.
Although our results indicated that WM microstructure
attenuated a substantial proportion of the variance (38%) in the
total relationship between age and task-induced deactivation,
they also suggest that more than half of the variance is not
accounted for by WM microstructure. There are likely to be
many other neurobiological contributors to age-related declines
in DMN function not tested here. Amyloid loadmay be especially
relevant as it has been linked with altered DMN activity and
functional connectivity (Celone et al., 2006; Hedden et al., 2009;
Sperling et al., 2009; Sheline et al., 2010). Future work will be
required to determine the separate and potentially synergistic
contributions of WM microstructure and amyloid load to age-
related changes in DMN functioning.
The present study has several caveats. First, in order
to make stronger conclusions about the process of aging,
it will be important to cross-validate these findings using
a longitudinal design. Additionally, while DTI provides an
indirect measure of WM microstructure, it does not directly
measure axons or connections between regions. Rather, lower
WM microstructure could contribute to age-related changes
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in functional deactivation in a number of ways. For example,
alterations in WM connectivity would be expected to affect
neurotransmitter signaling and recent evidence suggests that
degree of DMN deactivation in younger adults is dependent
on the balance between glutamate and GABA concentrations
in the precuneus (Hu et al., 2013). While challenging, future
research should attempt to integrate fMRI, DTI and spectroscopy
and/or PET to identify potentially dissociable contributions of
WM microstructure and neurotransmitter release on functional
dysregulation of the DMN in aging. Finally, neither the roles
of gray matter atrophy nor clinically silent pathologies were
assessed in the present study. Previous studies have indicated that
gray matter volume is not strongly correlated with deactivation
magnitudes in older adults without clinical dementia (He et al.,
2007; Damoiseaux et al., 2008; Threlkeld et al., 2011), and
therefore likely has minimal effect. Silent pathologies such as
microvascular insult and abnormal protein aggregation cannot
be ruled out in the present sample, which could account for
some of the age-related changes in deactivation. Future work
should look to investigate the independent and synergistic roles
of various clinically silent pathologies andWMmicrostructure in
age-related functional changes in the DMN.
In conclusion, our results suggest that reductions in dynamic
modulation of DMN activity are not simply an all-or-none
phenomenon that begins in older age. Instead, our findings
suggest that reduced functional modulation of DMN activity
in response to increases in cognitive control demands appears
to scale with increasing age. In addition, the present results
suggest a contribution of WM microstructure to functional
dysregulation of the DMN, thus providing evidence for one
potential mechanism underlying the failure to modulate DMN
deactivation in older adults.
AUTHOR CONTRIBUTIONS
CB and BG were involved in design, analysis, and interpretation
of the work. JH, ZZ, and NF were involved in acquisition,
analysis, and interpretation of the work. All authors were
involved in drafting and revising the manuscript, have approved
the final version, and agree to be accountable for all aspect of the
accuracy and integrity of the work.
FUNDING
This study was supported by a grant to BG from the National
Institute on Aging of the National Institutes of Health under
award number R01AG033036. CB received fellowship support
from the National Center for Advancing Translational Sciences
under award number TL1TR000115.
ACKNOWLEDGMENTS
We thank Sara Cilles and Chobok Kim for their assistance
in recruiting and testing participants and Amelia Anderson-
Mooney for helpful comments on a previous version of this
manuscript. We also wish to thank our study volunteers for
their participation in this research. The content is the sole
responsibility of the authors and does not necessarily represent
the official views of the granting agency.
REFERENCES
Andersson, J., Jenkinson, M., and Smith, S. (2007). Non-linear registration,
aka spatial normalisation. Technical Report TR07JA2. Oxford: Oxford
University.
Andrews-Hanna, J. R., Snyder, A. Z., Vincent, J. L., Lustig, C., Head, D., Raichle,
M. E., et al. (2007). Disruption of large-scale brain systems in advanced aging.
Neuron 56, 924–935. doi: 10.1016/j.neuron.2007.10.038
Behrens, T. E. J., Berg, H. J., Jbabdi, S., Rushworth, M. F. S., and Woolrich, M. W.
(2007). Probabilistic diffusion tractography with multiple fibre orientations:
what can we gain? Neuroimage 34, 144–155. doi: 10.1016/j.neuroimage.2006.
09.018
Behrens, T. E. J., Woolrich, M. W., Jenkinson, M., Johansen-Berg, H., Nunes,
R. G., Clare, S., et al. (2003). Characterization and propagation of uncertainty
in diffusion-weighted MR imaging.Magn. Reson. Med. 50, 1077–1088. doi: 10.
1002/mrm.10609
Buckner, R. L., Andrews-Hanna, J. R., and Schacter, D. L. (2008). The brain’s
default network: anatomy, function and relevance to disease. Ann. N Y Acad.
Sci. 1124, 1–38. doi: 10.1196/annals.1440.011
Cattell, R. B., and Cattell, A. K. S. (1960). Handbook for the Individual or Group
Culture Fair Intelligence Test. Champaign, IL: IPAT.
Celone, K. A., Calhoun, V. D., Dickerson, B. C., Atri, A., Chua, E. F., Miller, S. L.,
et al. (2006). Alterations in memory networks in mild cognitive impairment
and Alzheimer’s disease: an independent component analysis. J. Neurosci. 26,
10222–10231. doi: 10.1523/jneurosci.2250-06.2006
Cepeda, N. J., Kramer, A. F., and Gonzalez de Sather, J. C. M. (2001).
Changes in executive control across the life span: examination of task-
switching performance. Dev. Psychol. 37, 715–730. doi: 10.1037/0012-1649.
37.5.715
Damoiseaux, J. S., Beckmann, C. F., Arigita, E. J. S., Barkhof, F., Scheltens, P.,
Stam, C. J., et al. (2008). Reduced resting-state brain activity in the ‘‘default
network’’ in normal aging. Cereb. Cortex 18, 1856–1864. doi: 10.1093/cercor/
bhm207
Daselaar, S. M., Iyengar, V., Davis, S. W., Eklund, K., Hayes, S. M., and Cabeza,
R. E. (2013). Less wiring, more firing: low-performing older adults compensate
for impaired white matter with greater neural activity. Cereb. Cortex 25,
983–990. doi: 10.1093/cercor/bht289
Grady, C. L., Springer, M. V., Hongwanishkul, D., McIntosh, A. R., and
Winocur, G. (2006). Age-related changes in brain activity across the
adult lifespan. J. Cogn. Neurosci. 18, 227–241. doi: 10.1162/jocn.2006.
18.2.227
Greicius, M. D., Supekar, K., Menon, V., and Dougherty, R. F. (2009). Resting-
state functional connectivity reflects structural connectivity in the default mode
network. Cereb. Cortex 19, 72–78. doi: 10.1093/cercor/bhn059
Greve, D. N., and Fischl, B. (2009). Accurate and robust brain image alignment
using boundary-based registration. Neuroimage 48, 63–72. doi: 10.1016/j.
neuroimage.2009.06.060
Gusnard, D. A., and Raichle, M. E. (2001). Searching for a baseline: functional
imaging and the resting human brain. Nat. Rev. Neurosci. 2, 685–694. doi: 10.
1038/35094500
Hahn, K., Myers, N., Prigarin, S., Rodenacker, K., Kurz, A., Förstl, H., et al. (2013).
Selectively and progressively disrupted structural connectivity of functional
brain networks in Alzheimer’s disease - revealed by a novel framework to
analyze edge distributions of networks detecting disruptions with strong
statistical evidence. Neuroimage 81, 96–109. doi: 10.1016/j.neuroimage.2013.
05.011
Hakun, J. G., Zhu, Z., Brown, C. A., Johnson, N. F., and Gold, B. T. (2015).
Longitudinal alterations to brain function, structure and cognitive performance
Frontiers in Aging Neuroscience | www.frontiersin.org 9 October 2015 | Volume 7 | Article 194
Brown et al. White matter affects functional deactivation
in healthy older adults: a fMRI-DTI study. Neuropsychologia 71, 225–235.
doi: 10.1016/j.neuropsychologia.2015.04.008
Hayes, A. F. (2013). An Introduction to Mediation, Moderation and Conditional
Process Analysis: A Regression-Based Approach. New York, NY: Guilford Press.
He, Y., Wang, L., Zang, Y., Tian, L., Zhang, X., Li, K., et al. (2007). Regional
coherence changes in the early stages of Alzheimer’s disease: a combined
structural and resting-state functional MRI study. Neuroimage 35, 488–500.
doi: 10.1016/j.neuroimage.2006.11.042
Healey, M. K., Hasher, L., and Campbell, K. L. (2013). The role of suppression
in resolving interference: evidence for an age-related deficit. Psychol. Aging 28,
721–728. doi: 10.1037/a0033003
Hedden, T., Van Dijk, K. R. A., Becker, J. A., Mehta, A., Sperling, R. A., Johnson,
K. A., et al. (2009). Disruption of functional connectivity in clinically normal
older adults harboring amyloid burden. J. Neurosci. 29, 12686–12694. doi: 10.
1523/JNEUROSCI.3189-09.2009
Hollingshead, A. B. (1957). Two Factor Index of Social Position. New Haven, CT:
Unpubl. manuscript, Yale Univ.
Hu, Y., Chen, X., Gu, H., and Yang, Y. (2013). Resting-state glutamate
and GABA concentrations predict task-induced deactivation in the default
mode network. J. Neurosci. 33, 18566–18573. doi: 10.1523/jneurosci.1973-13.
2013
Johnson, N. F., Kim, C., Clasey, J. L., Bailey, A., and Gold, B. T. (2012).
Cardiorespiratory fitness is positively correlated with cerebral white matter
integrity in healthy seniors. Neuroimage 59, 1514–1523. doi: 10.1016/j.
neuroimage.2011.08.032
Khalsa, S., Mayhew, S. D., Chechlacz, M., Bagary, M., and Bagshaw, A. P.
(2013). The structural and functional connectivity of the posterior cingulate
cortex: comparison between deterministic and probabilistic tractography for
the investigation of structure-function relationships.Neuroimage 102, 118–127.
doi: 10.1016/j.neuroimage.2013.12.022
Kramer, A. F., Hahn, S., and Gopher, D. (1999). Task coordination and aging:
explorations of executive control processes in the task switching paradigm.Acta
Psychol. (Amst). 101, 339–378. doi: 10.1016/s0001-6918(99)00011-6
Kray, J., and Lindenberger, U. (2000). Adult age differences in task switching.
Psychol. Aging 15, 126–147. doi: 10.1037//0882-7974.15.1.126
Madden, D. J., Spaniol, J., Whiting, W. L., Bucur, B., Provenzale, J. M., Cabeza, R.,
et al. (2007). Adult age differences in the functional neuroanatomy of visual
attention: a combined fMRI and DTI study. Neurobiol. Aging 28, 459–476.
doi: 10.1016/j.neurobiolaging.2006.01.005
McKiernan, K. A., Kaufman, J. N., Kucera-Thompson, J., and Binder, J. R. (2003).
A parametric manipulation of factors affecting task-induced deactivation
in functional neuroimaging. J. Cogn. Neurosci. 15, 394–408. doi: 10.
1162/089892903321593117
Park, D. C., Polk, T. A., Hebrank, A. C., and Jenkins, L. J. (2010). Age differences in
default mode activity on easy and difficult spatial judgment tasks. Front. Hum.
Neurosci. 3:75. doi: 10.3389/neuro.09.075.2009
Persson, J., Lustig, C., Nelson, J. K., and Reuter-Lorenz, P. A. (2007). Age
differences in deactivation: a link to cognitive control? J. Cogn. Neurosci. 19,
1021–1032. doi: 10.1162/jocn.2007.19.6.1021
Persson, J., Nyberg, L., Lind, J., Larsson, A., Nilsson, L.-G., Ingvar, M., et al. (2006).
Structure-function correlates of cognitive decline in aging. Cereb. Cortex 16,
907–915. doi: 10.1093/cercor/bhj036
Persson, J., Pudas, S., Nilsson, L.-G., and Nyberg, L. (2014). Longitudinal
assessment of default-mode brain function in aging. Neurobiol. Aging 35,
2107–2117. doi: 10.1016/j.neurobiolaging.2014.03.012
Raichle, M. E., MacLeod, A. M., Snyder, A. Z., Powers, W. J., Gusnard, D. A., and
Shulman, G. L. (2001). A default mode of brain function. Proc. Natl. Acad. Sci.
U S A 98, 676–682. doi: 10.1073/pnas.98.2.676
Salthouse, T. A. (2011). Neuroanatomical substrates of age-related cognitive
decline. Psychol. Bull. 137, 753–784. doi: 10.1037/a0023262
Sambataro, F., Murty, V. P., Callicott, J. H., Tan, H.-Y., Das, S., Weinberger,
D. R., et al. (2010). Age-related alterations in default mode network: impact on
working memory performance. Neurobiol. Aging 31, 839–852. doi: 10.1016/j.
neurobiolaging.2008.05.022
Sheline, Y. I., Raichle, M. E., Snyder, A. Z., Morris, J. C., Head, D., Wang, S.,
et al. (2010). Amyloid plaques disrupt resting state default mode network
connectivity in cognitively normal elderly. Biol. Psychiatry 67, 584–587. doi: 10.
1016/j.biopsych.2009.08.024
Shulman, G. L., Fiez, J. A., Corbetta, M., Buckner, R. L., Miezin, F. M., Raichle,
M. E., et al. (1997). Common blood flow changes across visual tasks: II.
Decreases in cerebral cortex. J. Cogn. Neurosci. 9, 648–663. doi: 10.1162/jocn.
1997.9.5.648
Smith, S. M., Jenkinson, M., Johansen-Berg, H., Rueckert, D., Nichols, T. E.,
Mackay, C. E., et al. (2006). Tract-based spatial statistics: voxelwise analysis
of multi-subject diffusion data. Neuroimage 31, 1487–1505. doi: 10.1016/j.
neuroimage.2006.02.024
Smith, S. M., Jenkinson, M., Woolrich, M. W., Beckmann, C. F., Behrens,
T. E. J., Johansen-Berg, H., et al. (2004). Advances in functional and structural
MR image analysis and implementation as FSL. Neuroimage 23(Suppl. 1),
S208–S219. doi: 10.1016/j.neuroimage.2004.07.051
Sperling, R. A., Laviolette, P. S., O’Keefe, K., O’Brien, J., Rentz, D. M., Pihlajamaki,
M., et al. (2009). Amyloid deposition is associated with impaired default
network function in older persons without dementia. Neuron 63, 178–188.
doi: 10.1016/j.neuron.2009.07.003
Teipel, S. J., Bokde, A. L. W., Meindl, T., Amaro, E., Soldner, J., Reiser, M. F.,
et al. (2010). White matter microstructure underlying default mode network
connectivity in the human brain. Neuroimage 49, 2021–2032. doi: 10.1016/j.
neuroimage.2009.10.067
Threlkeld, Z. D., Jicha, G. A., Smith, C. D., and Gold, B. T. (2011). Task
deactivation reductions and atrophy within parietal default mode regions
are overlapping but only weakly correlated in mild cognitive impairment. J.
Alzheimers. Dis. 27, 415–427. doi: 10.3233/JAD-2011-110206
van den Heuvel, M. P., Mandl, R. C. W., Kahn, R. S., and Hulshoff Pol,
H. E. (2009). Functionally linked resting-state networks reflect the underlying
structural connectivity architecture of the human brain.Hum. Brain Mapp. 30,
3127–3141. doi: 10.1002/hbm.20737
van Oort, E. S. B., van Cappellen van Walsum, A. M., and Norris, D. G.
(2014). An investigation into the functional and structural connectivity of the
default mode network. Neuroimage 90, 381–389. doi: 10.1016/j.neuroimage.
2013.12.051
Vidal-Piñeiro, D., Valls-Pedret, C., Fernández-Cabello, S., Arenaza-Urquijo, E.M.,
Sala-Llonch, R., Solana, E., et al. (2014). Decreased default mode network
connectivity correlates with age-associated structural and cognitive changes.
Front. Aging Neurosci. 6:256. doi: 10.3389/fnagi.2014.00256
Wechsler, D. (1997). Wechsler Memory Scale (WMS-III). San Antonio, TX:
Psychological Corporation.
Weiler, M., de Campos, B. M., Nogueira, M. H., Pereira Damasceno, B., Cendes,
F., and Balthazar, M. L. F. (2014). Structural connectivity of the default mode
network and cognition in Alzheimer’s disease. Psychiatry Res. 223, 15–22.
doi: 10.1016/j.pscychresns.2014.04.008
Zhu, Z., Johnson, N. F., Kim, C., and Gold, B. T. (2015). Reduced frontal cortex
efficiency is associated with lower white matter integrity in aging. Cereb. Cortex
25, 138–146. doi: 10.1093/cercor/bht212
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2015 Brown, Hakun, Zhu, Johnson and Gold. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution and reproduction in other forums is permitted, provided
the original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.
Frontiers in Aging Neuroscience | www.frontiersin.org 10 October 2015 | Volume 7 | Article 194
